Backward Raman amplification and compression at high power might occur if a long pumping laser pulse is passed through a plasma to interact resonantly with a counter-propagating short seed pulse ͓V. M. Malkin et al., Phys. Rev. Lett. 82, 4448 -4451 ͑1999͔͒. One critical issue, however, is that the pump may be unacceptably depleted due to spontaneous Raman backscatter from intrinsic fluctuations in the amplifying plasma medium prior to its useful interaction with the seed. Premature backscatter may be avoided, however, by employing a gaseous medium with pump intensities too low to ionize the medium and using the intense seed to produce the plasma by rapid photoionization as it is being amplified ͓V. M. Malkin et al., Phys. Plasmas 8, 4698 -4699 ͑2001͔͒. In addition to allowing that only rather low power pumps be used, photoionization introduces a damping of the short pulse which must be overcome by the Raman growth rate for net amplification to occur. The parameter space of gas densities, laser wavelengths, and laser intensities is surveyed to identify favorable regimes for this effect. Output laser intensities of 2ϫ10 17 W/cm 2 for 0.5 m radiation are found to be feasible for such a scheme using a pump of 1ϫ10 13 W/cm 2 and an initial seed of 5 ϫ10 14 W/cm 2 over an amplification length of 5.6 cm in hydrogen gas.
I. INTRODUCTION
Through the last several decades, applications such as inertial confinement fusion ͑ICF͒, 1 laser wake field particle acceleration, 2 or investigations of nonlinear quantum electrodynamics 3 have driven the search for ever higher laser intensities in ever shorter pulses. In the mid-1980s the development of the chirped pulse amplification ͑CPA͒ technique enabled the remarkable increase in peak unfocused laser intensities from the then limit of ϳ10 9 W/cm 2 to the range of several 10 12 W/cm 2 . 4 While the CPA technique has yielded tremendous advances in laser powers, access to yet higher powers and intensities by this process is frustrated by the requirement of impractically large diffraction gratings of the multi-meter scale and the fixed damage thresholds of these fragile, high-precision elements to ultrahigh light intensities. Nevertheless, such schemes as the fast ignitor for laser fusion ͑requiring ϳ1 ps pulses of ϳ10 20 W/cm 2 intensities͒ 5 or studies of photon decay by electron-positron pair production ͑at intensities greater than 10 30 W/cm 2 ͒ demand powers at or beyond current limits of CPA and so motivate the search for yet more efficient as well as compact laser amplifiers capable of withstanding ultra-intense laser fluences. In this regard, the essential indestructibility of plasma under currently imaginable laser intensities particularly suggests its use as a laser amplifying element.
To meet such a need, a scheme has recently been proposed 6 for the amplification of unfocused pulses into the 10 17 W/cm 2 range using backward Raman scattering in plasma slabs. In this technique, a long laser ''pump'' pulse of large integrated energy is collided with a narrow, oppositelypropagating ''seed'' pulse. The nonlinear evolution of the Raman scattering instability was found analytically to result in the scattering of the pump power into the narrow seed pulse with this backward propagating seed both amplifying and narrowing ͑compressing͒ linearly in time. A efficiency for energy transfer from the pump pulse to the seed of 80% should be possible with a focused seed intensity reaching on the order of 10 5 times what is currently achievable. However, the stability of the pump pulse to spontaneous Raman backscatter from intrinsic fluctuations in the plasma medium, which could degrade or entirely suppress the amplification effect, is of concern. Stabilization of this unwanted Raman scattering of the pump pulse might be achieved by exploiting the nonlinear narrowing of the seed as it amplifies. 7 Since the seed is rapidly narrowing in space during its nonlinear amplification, its consequent broadening in frequency renders this nonlinear amplification phase robust to ''detuning'' from the exact Raman resonance. The linear evolution of the premature backward scattering of the pump ͑during which any signal broadens as opposed to narrowing 8 ͒, however, without such broad spectra, would not be resilient to such deviations from resonance. The introduction of a spatial variation in the plasma frequency ͑i.e., density͒ to detune the seed from forward scattering and an opposed temporal chirp of the pump pulse to detune from backscattering would then suppress these undesired scattering mechanisms. Analytical and numerical calculations in one dimension have shown this continued nonlinear amplification of the seed pulse in the presence of slight detuning.
This analysis was performed in the limit of a cold, collisionless fluid plasma without realistic modeling of spontaneous pump backscatter from plasma noise, 9 however. Simulations with the particle-in-cell ͑PIC͒ code Zohar, 10 in which the effect of discreteness-induced plasma noise is included, suggest that such backscatter may be a significant concern. While the fluctuation level is significantly exaggerated in PIC codes relative to that in a real plasma ͑due to the far fewer particles per Debye sphere in any conceivable simulation compared to a realistic weakly coupled plasma 11 ͒, it remains to be demonstrated convincingly that a relatively high intensity laser pump may be propagated stably through ϳ1 cm of plasma of reasonable density for strong nonlinear coupling. The Raman amplification effect may be demonstrated in particle simulations using ''cold'' or ''quiet'' starts in which no fluctuations initially exist in the plasma, effectively a plasma of zero temperature; but such simulations, while including certain discrete-plasma effects, effectively sidestep the crucial question of pump stability to intrinsic noise. Indeed, electron temperatures of ϳ200 eV may be necessary in some implementations to avoid excessive collisional damping of the pump or seed during their propagation through the amplifier.
To avoid the difficulties associated with propagation of the pump it has been proposed that the relatively long ͑ϳ1 cm͒ plasma amplifying medium be replaced by a neutral gas of the appropriate density to satisfy the Raman resonance condition once fully ionized. 12 If a pumping pulse of intensity below the ionization threshold for the gas is used, the pumping pulse may then be propagated through the entire amplifier without the possibility of spontaneous Raman backscatter. In conjunction with a seed pulse of intensity greater than the threshold for rapid photoionization, the gas will be completely ionized to the appropriate density only at the front of the amplifying seed pulse and allow the backscatter of the pump only in this region and so only the useful amplification of the seed. Generating the plasma in situ by photoionization from the seed, however, necessarily results in an added damping of the seed. For a self-ionizing Raman amplifier to be feasible, a regime must then be found for which not only is the pump well below and the seed well above the photoionization threshold, but also for which the nonlinear Raman growth rate of the seed exceeds it damping rate due to ionization or other effects. The small blueshift of the pump as it propagates into an oncoming ionization front 13, 14 would also require a slight compensation in the frequency of the pump or seed for resonance to occur in an ionizing plasma.
Total output laser intensities of ϳ10 17 W/cm 2 for 0.5 m radiation are found to be feasible for such a scheme using a pump of 10 13 W/cm 2 and a seed of 5ϫ10 14 W/cm 2 over an amplification length of 5.6 cm in hydrogen gas. This is to be compared with amplification to an equivalent output intensity in a preionized plasma of length 0.35 cm by a pump of 10 15 W/cm 2 . In effect, the higher pump intensity tolerable for a plasma is traded for a longer but stabler interaction length in a neutral gas to obtain identical output intensities. An experimental arrangement similar to that of Ref. 15 can be imagined using focused spot sizes of ϳ50 m in a gas of density 2.3ϫ10 17 cm Ϫ3 but with much higher seed intensities.
Even if spontaneous pump backscatter from noise in a pre-ionized plasma ultimately proves not to be a difficulty for the conventional amplification scheme, a self-ionizing amplifier appears still to have the advantage of simplicity. While the conventional amplifier requires the preparation ͑and temporary maintenance͒ of a plasma of a specific density, and possibly density gradient, and that the plasma be heated to T e ϳ200 eV, a self-ionizing amplifier requires only the far simpler arrangement of an amplifying chamber filled with gas to a specified uniform density. Overall, the far lower fluctuation levels and simpler handling properties of a gaseous as opposed to plasma medium suggest that a selfionizing amplifier may well be favored simply from practical considerations. In addition, precursor pulses, which may disrupt backward Raman amplification in a pre-ionized plasma, 16 can be eliminated due to the absence of plasma ahead of the seed pulse front.
Note that the method contemplated here is pulse compression by ionization-induced backscatter of the pump, with the ionization induced by the backscattered pulse, which is much more intense than the pump. There are other ionization effects which induce pulse shortening, primarily the erosion of the leading edge of the pulse. 17 These effects, however, apply to high intensity femtosecond pulses traveling through ionizing plasma in the absence of a counterpropagating pump wave.
This paper demonstrates a regime in which an ionization front may be employed for coupling the pump to an amplifying seed pulse. Conditions on the pump intensity, laser polarization, working gas, and other parameters are quantified and the most favorable regime for self-ionizing amplification identified. This paper is organized as follows: Sec. II describes the effects and governing equations used in modeling a self-ionizing Raman amplifier. Section III describes the energetics of pulse amplification and plasma ionization which represent constraints on the possible regimes of operation for a self-ionizing Raman amplifier. Section IV presents a numerically calculated example of self-ionizing amplification and an example of how the disrupting effect of precursor pulses can be avoided in self-ionizing amplification. Section V offers concluding remarks and possibilities for further research.
II. MODEL OF A SELF-IONIZING RAMAN AMPLIFIER
The envelope approximation ͑see, e.g., Ref. 18͒ in one dimension is used to model the Raman backscatter interaction 19 in which the two light waves ͑1,2͒ are coupled by the Langmuir wave ͑3͒ according to the equations,
Here a i is the potential envelope of each wave normalized to m e c 2 /e for the light waves and ( pe /2 ) (m e c 2 /e) for the Langmuir wave, v i is the corresponding wave group velocity, and i the wave energy damping rate taking into account the effects of inverse Bremsstrahlung when v osc ӷv te . 20 The wave coupling parameter K is (n e /n c ) 1/4 /& for circular polarization and (n e /n c ) 1/4 /2 for linear polarization with n e the electron density and n c Џm e 2 /4͉e͉ 2 the critical density corresponding to the laser frequency. It is assumed that the plasma is sufficiently rarefied (n e /n c Ӷ1) that the laser frequencies are approximately comparable 1 Ӎ 2 ϵӷ 3 ϵ p in Eq. ͑1͒ and that the laser phase velocities are both approximately the velocity of light in vacuum. Since the pulse length is always much greater than the plasma wavelength in the Raman amplification regime, Eqs. ͑1͒ should remain valid throughout the amplification process provided wave breaking is avoided and there should be no added damping of the seed due to formation of a plasma wake. The photoionization rate of an atomic gas in an intense laser field can be modeled by the Keldysh formula 21, 22 provided EӶm e 2 ͉e͉ 5 /ប 4 , or equivalently aӶm e ͉e͉ 6 /ប 4 c Ӎ0.1 for half-micron radiation. 23 For small electric fields, ␥Џͱ2U I /m e c 2 /aӷ1, a multiphoton formula for the ionization rate applies,
where w(a) is the probability of ionizing a single neutral atom per unit time, U I is the ionization potential, and NЏ1ϩInt(U I /ប) is the number of photons required to overcome that potential. For large electric fields, ␥Ӷ1, a tunneling formula is accurate,
where U H is the ionization potential of hydrogen, ⍀ 0 Џ␣ c/r Bohr Ӎ4.1ϫ10 16 s Ϫ1 is the ''atomic frequency,'' and a H Ӎ3.05ϫ10 14 /(s Ϫ1 ) the normalized vector potential associated with the hydrogenic electric field. The cycle averaged form of Eq. ͑3͒ is necessary for linear polarization. In the small region between the multiphoton and tunneling regimes a simple linear interpolation between Eqs. ͑2͒ and ͑3͒ is used. For aϳm e ͉e͉ 6 /ប 4 c ͑beyond the validity range of the Keldysh model͒, the ionization rate is so rapid that all of the available gas may be treated as ionized instantaneously on the time scale of the laser period. Figure 1 shows logarithmically spaced iso-contours of the composite ionization probability as a function of laser wavelength and amplitude a for atomic hydrogen and circularly polarized light. A window of low ionization probability (w/р10 Ϫ8 ), suitable for propagating the pumping beam over some distance, is evident for aр0.002 and у0.2 m ͑corresponding to Iϳ10 13 W/cm 2 ͒, and threshold behavior is seen near aӍ0.002 over the span of wavelengths ϭ0.2-1.0 m. Above aӍ0.005 (Iϳ10 14 W/cm 2 ), the ionization rate is effectively instantaneous for ϭ0.2-1.0 m marking a lower limit for the seed amplitude in a selfionizing amplifier. These thresholds are on the order of the values cited for helium in Ref. 24 .
Due to photoionization, the electron and neutral densities evolve according to the equations, ‫ץ‬ t n e ϭn n w͑a ͒ and ‫ץ‬ t n n ϭϪn n w͑a ͒. ͑4͒
By energy conservation, the wave fields must also damp according to 
where f () is the electron distribution function in the wake of the ionizing pulse corresponding to electron birth in the given total electric field a(x,t). Note that the instantaneous electric field a(x,t) at the position and time of an electron's birth determines its contribution to the residual oscillation energy ͗͘. Though the electron oscillates in any subsequent field, only the drift energy imparted to it at the time of ionization ͑determined by the phase of the electric field͒ remains with the electron and contributes to the ionization damping of the laser field. For the case of linear polarization, using the conservation of each electron's transverse canonical momentum p Ϫ͉e͉A/c with A the laser vector potential, the energy distribution of electrons left behind by an ionizing laser pulse ͑considering only the simple case of hydrogen from which one electron is liberated͒ may be calculated 26 from Eq. ͑3͒ to be where use is made of the large argument approximation for the modified Bessel function K 0 (␤)ϳͱ/2␤ e Ϫ␤ . 27 At sufficiently large a, ␤ is no longer large and the approximation of Eq. ͑7͒ no longer applies; however, this results only in an overestimate of ͗͘ and, at worst, a conservative estimate of the cost of the ionization damping.
In contrast, for circular polarization, the constancy of the magnitude of the electric field results in a distribution peaked near the laser oscillation energy, 28 so that ͗͘ϳm e v osc 2 /2. Consequently, for large ␤, linear polarization results in a substantially reduced contribution of the oscillation energy to the ionization damping rate relative to circular polarization. In both cases, the energy left in the longitudinal oscillations of the Langmuir wake of the ionizing pulse 29 are of order a 2 2 relative to transverse oscillation energy and hence negligible for the parameter regime of interest.
III. ENERGETICS OF SELF-IONIZING RAMAN AMPLIFICATION
With these equations, an estimate of the overall limitations placed on Raman amplification due to ionization damping may be made. Assuming the seed pulse reaches the advanced nonlinear phase of amplification when significant depletion of the pump occurs, during a time interval ⌬t, the seed would gain an energy increment from the pump of
where ⑀ϳ0.8 represents the fraction of pump depletion as calculated in Ref. 9 . Simultaneously, and again for the simple case of hydrogen, the seed would lose an energy increment due to total ionization of the background gas of
The criterion for net amplification, ⌬ ϩ Ͼ⌬ Ϫ , may then be written as
With a 1 constrained by the ionization threshold given in Fig.  1 (a 1 ϳ0.0015 ), Eq. ͑8͒ constitutes a limitation on the acceptable precursor gas density. An accurate estimate of the limitation placed on n n by Eq. ͑8͒, requires an evaluation of the average electron birth energy ͗͘ including two important effects: Foremost, an estimate of the characteristic amplitude in the seed pulse profile at which the majority of electrons are born must be made since the source of electrons n n may be completely depleted long before the complete seed pulse passes any representative neutral atom. Electrons born in the leading part of the pulse oscillate in the high intensity fields near the peak of the seed, but ultimately return their oscillation energy to the pulse as it passes and retain only the drift energy established by the low intensity field at which they were born. Second, as shown for linearly polarized lasers, the majority of particles do not possess the full laser field oscillation velocity corresponding to the field amplitude at which they are born.
The amplitude of a 2 where the majority of electrons are born ͑i.e., where n n drops rapidly in the ionizing field of the seed͒ may be estimated by considering the simple model ͑valid in the small neighborhood of the steep seed pulse front where most ionization occurs͒ of a laser pulse whose amplitude increases linearly with a slope behind the pulse front, a(x,t)ϭ(ctϪx)⌰(ctϪx), impinging on a step-function distribution of neutral gas, n n (x,tϭ0)ϭ⌰(x). For the case of linear polarization, integrating the second of Eqs. ͑4͒ for these conditions using the cycle averaged form of Eq. ͑3͒ and assuming a(x,t) to be unperturbed by the ionization process ͑i.e., the case of a strong seed in a tenuous gas͒ gives
ϫͱa H , and ⌫(a,x) is the incomplete Gamma function. Using the large argument expansion for ⌫(a,x), 27 in the region just behind the pulse front (␤Ј/(ctϪx)→ϩϱ),
For typical parameters, the characteristic depth into the pulse at which the majority of electrons is born is then approximately found to be
, so that the corresponding laser intensity in this linear model is then
In the case of circular polarization, using the unaveraged form of Eq. ͑3͒, a similar calculation ͑now with
a H ) yields for the characteristic field strength at which most electrons are born aӍ ␤Ј ln͑w 0 /c ͒ .
In both cases, a increases with increasing pulse steepness. Note that, for these parameters, since the cycle-averaged ionization rate appropriate for linear polarization is slightly less than the unaveraged result applicable to circular polarization, the majority of electrons are born at a slightly higher field for linear polarization as opposed to circular polarization. However, the reduction in ͗͘ for linear polarization largely compensates this effect, so that the characteristic energy at which most electrons are born in a linearly polarized pulse is actually less than that for circular polarization for all values of for which the envelope approximation is valid. For a typical seed pulse front with Ӎ0.1 in the nonlinear regime and again for the case of atomic hydrogen with ϭ0.5 m and a 1 ϭ0.0015, using these estimates of a in evaluating Eq. ͑7͒ ͑noting that ␤ depends on a for linear polarization͒ and Eq. ͑8͒ leads to n n n c Ͻ⑀ m e c 2 U I ϩ͗͘ a 1 2 Ӎ0.048.
For circular polarization, the amplification condition is n n /n c Ͻ0.023
for the same parameters.
In both cases, a density threshold must not be exceeded for nonlinear amplification to overcome ionization damping.
Also, though for fixed a, ͗͘ may be significantly greater for circular polarization, the net advantage of linear polarization in terms of the ionization damping rate proves only marginal due to the dominating contribution of the ionization potential in Eq. ͑8͒ and since most electrons are born at a lower field amplitude with circular polarization for typically steep pulses.
Note that, should the allowable pump intensity prove to be lower than that given by Fig. 1 and assumed above, this should only result in the necessity of using lower gas densities in accordance with Eq. ͑8͒. However, n n may not be reduced arbitrarily since the resultant plasma must be sufficiently dense to prevent the breaking of the backscatterdriven Langmuir wave and subsequent incomplete pump depletion. To within the order unity accuracy to be expected of the above estimates, these limits were observed to be generally consistent with results found numerically ͑see Sec. IV͒. For circular and linear polarizations, peak seed amplitudes were observed to stabilized at little more than their initial amplitudes a 2 ϳ0.01 ͑although pulse shapes would sharply steepen as an effect of the ionization front͒ for n n ϭ0.01 n c . A gas density of n n р0.002 n c was found necessary for substantial amplification of the seed to a 2 у0.1.
A threshold also applies for the amplitude and steepness of the seed pulse for a self-ionizing amplifier to be feasible.
In contrast to the pump, constraints on the seed arise from the complex spatiotemporal evolution of an initial pulse through the linear pulse broadening regime into the nonlinear pump depletion regime, including ionization damping, and do not appear amenable to simple arguments of the type used to estimate the pump threshold. The initial seed pulse must be sufficiently intense and the linear Raman growth rate ͑de-pendent on a 1 and n e ͒ sufficiently rapid that the linear response, growing exponentially in the fully ionized plasma behind the seed, replenishes the seed pulse before the seed intensity is damped below the threshold for rapid ionization. Neglecting ionization damping, the condition for the seed to access the nonlinear regime can be quantified as the seed pulse length L seed exceeding the Raman growth length in the seed c/a 2 ͱ p /2 or a 2 Ͼͱ2n c /n n /(kL seed ). For a 1 ps initial seed, a minimum seed intensity ͑i.e., ignoring ionization͒ is then a 2 Ͼ0.002 for the same parameters as above.
Numerically, at the threshold density of n e ϭ0.01n c , seed amplitudes of a 2 у0.008 and 0.01 for circular and linear polarizations, respectively ͑comparable to the requirement for rapid ionization͒ were found necessary merely to ensure sustainment of the seed at its initial intensity in the face of ionization. In this regime of relatively gentle pulse fronts where the ionization damping rate for linear polarization slightly exceeds that for circular polarization and since the wave coupling constant K and hence linear Raman growth rate is slightly larger for circular polarization, circular polarization is evidently favored. Similarly, and since linear polarization results in only a slight reduction in ionization damping for the nonlinear regime, circularly polarized fields are also seen to reach slightly higher final amplitudes. In addition, the collisional damping rate for circularly polarized pulses is less than that for linear polarization due to the presence of stagnation points in electron orbits in linearly polarized fields.
Combining the first of Eqs. ͑4͒ with Eq. ͑5͒ shows that the wave energy damping from ionization scales as n n /n c . Since the linear Raman growth rate scales as a 1 K ϳa 1 (n e /n c ) 1/4 ϳa 1 (n n /n c ) 1/4 , for any fixed a 1 , the growth rate during the crucial linear phase may then always be arranged to exceed the ionization damping by sufficiently reducing n n . Reducing the linear wave coupling incurs the cost of a longer interaction length to access the nonlinear regime; however, provided the lower bound due to wave breaking is not crossed, the only limit to this process is that imposed by the physically allowable size of a practical device and associated optics.
Within the model of Eqs. ͑1͒, the attainable amplitude of a 2 is constrained only due to steepening of the pulse front during the amplification process and consequent increase of the characteristic ͗͘. Such a limit is generally reached only beyond the validity of Eqs. ͑1͒, however. Beyond the approximations of Eqs. ͑1͒, in the conventional Raman amplification scheme, the total amplification process is expected to be limited by either Raman forward scattering or modulational instabilities of the highly amplified seed to times less than T amp ϳ1/ p a 1 4/3 . Maximizing T amp by minimizing p subject to the constraint that p у (4 a 1 ) 2/3 to avoid Langmuir wave-breaking and incomplete pump depletion gives a maximum amplification length of L amp ϳ/a 1 2 . Also using the limit p ϳ(4 a 1 ) ϳ1.7 ⑀ 1/2 a 1 1/3 . As shown above, self-ionization, in addition to constraining the pump to intensities less than the threshold for significant ionization, stipulates a range of acceptable gas densities. In the region of parameter space where these constraints are satisfied, and assuming self-ionizing amplification to be limited by forward Raman or modulational instabilities as in the conventional case, the output pulse parameters may be calculated by the above formulas. Here it is also assumed that ionization damping introduces only an order unity multiplier to the energy gained by the seed from the pump ͑i.e., a fixed, small fraction of pump energy transfered to the seed must be diverted for ionization during any time interval͒ and hence does not effect the power scaling. Example parameters for a self-ionizing amplifier using atomic hydrogen with a 1 ϭ0.0015 are summarized in Table I . All appear to be within the constraints of a practically realizable device.
Note that, for a three-dimensional experimental arrangement, as the pump beam comes to a focus, the maximum pump intensity cannot be allowed to exceed the ionization threshold of the working gas. At some point, the wings and tail of the beam will also fall below the intensity required to satisfy Eq. ͑8͒ for a fixed gas density. Unless the distance of this point from the focal point can be arranged to exceed L amp above, an additional limit will be placed on the maximum achievable intensity. Similarly, only the peaked, central portion of the seed pulse will substantially exceed the photoionization threshold and be amplified while the transverse wings of the pulse are damped. Longitudinally, the focusing of the seed intensity will require the seed intensity already to exceed the ionization threshold before entering the region where the pump intensity satisfies Eq. ͑8͒, again constraining the optics of the system. If the seed is amplified as it is focusing, then these effects may be ignorable; and in general, these constraints will depend on a particular experimental setup. The overall degree of pump depletion can be expected to be similar in three dimensions as it is in one, namely, ⑀ϳ0.8.
The above calculations have been for the simple, monoelectronic case of hydrogen. The somewhat higher first ionization potential of helium, however, makes this gas more desirable as an amplifying medium since it could sustain higher pump intensities without ionization, but its second electron complicates the energy arguments given above for hydrogen. Simply approximating the oscillation energies ͗ i ͘ of each electron liberated from helium as being of the order of the corresponding ionization potential U i ͑an overestimate͒ and since helium can withstand pump intensities of a 1 ϳ0.002 without ionizing leads to the conditions Since no gas has a higher first ionization potential than helium, a helium medium permits the highest pump intensities for a self-ionizing amplifier and hence ͑by the scalings above͒ accesses the highest intensities in the shortest possible distance. The relatively high first and second ionization potentials of helium, however, necessitate that only rather intense initial seeds (a 2 ϳ0.05), able to survive the initial ionization damping before the nonlinear state is reached, can be used. The situation is exacerbated for atoms with three or more electrons. In contrast, while hydrogen can support a pump strength of only a 1 ϳ0.0015, its single electron requires only an initial a 2 ϳ0.01. Hence, hydrogen affords the greatest possible relative amplification factor ͑output amplitude relative to initial seed amplitude͒ of any gas.
IV. EXAMPLES OF SELF-IONIZING AMPLIFICATION
With the assumptions discussed above, Eqs. ͑1͒, ͑4͒, and ͑5͒ have been integrated numerically in the frame of the seed pulse. Figure 2 gives an example comparison of the time evolution of identical seed pulses of a 2 (tϭ0)ϭ0.01 and ϭ0.5 m amplified by a pump of a 1 ϭ0.0015 in a preionized plasma of n e ϭ0.001 n c and T e ϭ500 eV and in an ionizing hydrogen gas of equivalent density. In both cases, the lasers are circularly polarized.
In the pre-ionized case, the characteristic ''-pulse'' shape of the nonlinear regime of amplification is evident subject to modifications due to slight collisional damping. The peak amplitude of the leading spike is seen to grow linearly with time, while the pulse width decreases inversely with time. A total peak power amplification by a factor of ϳ200, corresponding to an output intensity of 2.1 ϫ10 17 W/cm 2 , is reached for the leading spike with an out- put pulse width equivalent to one half of the input width. Beyond a 2 ϳ0.14, a modulational instability of the highamplitude pulse is expected to end the amplification process. Remarkably, the self-ionizing pulse reaches a slightly higher amplitude in the same time ͑I out ϳ4.0ϫ10 17 W/cm 2 or amplification by a factor of ϳ360͒ and is slightly more compressed ͑ϳ4 times͒ but is seen also to have fallen behind its analog for the pre-ionized case. This results from the combined effects of slow erosion and steepening of the pulse front in the ionization layer and that only the later part of the seed pulse where the plasma is fully ionized is amplified. The very leading edge of the seed pulse damps below the ionization threshold without being amplified and is evident in the later stages as the low amplitude foot stretching ahead of the main peak of the amplifying seed. The very steep leading edge imprinted on the seed pulse by ionization accelerates its depletion of the pump and hence its narrowing and amplification by the same mechanism as in the nonlinear regime of the pre-ionized case. 6 Note that both pulses evolve towards the -pulse through similar linear regimes: a pulse broadening regime characteristic of the linearized solutions of Eqs. ͑1͒, 8 with the addition of a notching of the initial seed pulse due to ionization damping in the ionizing case. That both reach similar asymptotic states is evidence of the -pulse remaining the attractor solution of Eqs. ͑1͒ despite the substantial perturbation introduced by ionization effects. Figure 3 gives an example comparison of the time evolution of identical seed pulses of a 2 (tϭ0)ϭ0.05 and ϭ0.5 m amplified by a pump of a 1 ϭ0.002 in a pre-ionized plasma of n e ϭ0.0005 n c and T e ϭ500 eV and in an ionizing helium gas of equivalent density. Again, both lasers are circularly polarized. Here the ionizing pulse is amplified by a factor of ϳ16, corresponding to an output intensity of 4.4 ϫ10 17 W/cm 2 with an output pulse width also roughly onequarter of the input width. For the pump intensity permis-
Comparison of pre-ionized ͑a͒ and self-ionizing ͑b͒ Raman amplification in hydrogen with a 1 ϭ0.0015, a 2 (tϭ0)ϭ0.01, n e ϭ0.001 n c , ϭ0.5 m, and T e ϭ500 eV for the pre-ionized case. Seed pulse envelopes as a function of time and distance in the pulse frame are plotted. Pump pulses ͑not shown͒ enter from the left. Polarizations are circular.
FIG. 3.
Comparison of pre-ionized ͑a͒ and self-ionizing ͑b͒ Raman amplification in helium with a 1 ϭ0.002, a 2 (tϭ0)ϭ0.05, n e ϭ0.0005 n c , ϭ0.5 m, and T e ϭ500 eV for the pre-ionized case. Seed pulse envelopes as a function of time and distance in the pulse frame are plotted. Pump pulses ͑not shown͒ enter from the left. Polarizations are circular. sible with helium, the seed pulse is expected to be modulation-limited to a 2 ϳ0.15. The double notching of the seed pulse front corresponding to the two ionization states of helium is evident. The added ionization damping due to this second ionization state necessitates a much more intense initial seed so that, as mentioned above, though the peak output intensity is slightly greater for helium, the relative amplification is significantly less than that of hydrogen.
In Fig. 4 , amplification in helium gas and in a preionized helium plasma of equivalent density are compared for n e ϭ0.002 n c and the other parameters as in Fig. 3 . For these parameters, the pre-ionized case evolves towards a ''2-pulse'' state of constant asymptotic amplitude 16 in place of the amplifying and narrowing -pulse state. In contrast, the ionization-induced steepening of the seed pulse front in the case of gaseous helium enables a -pulse-type solution to form with the consequent narrowing and linear amplification in time. Effectively, the ionization perturbation has broadened the basin of attraction to a -pulse.
V. CONCLUSIONS
In summary, an elementary analysis has demonstrated a regime of feasibility for a self-ionizing, plasma-based backward Raman amplifier. In the conventional Raman amplifier, instability of the pumping beam to spontaneous backscatter due to fluctuations in the preformed plasma medium may be a severe obstacle to successful amplification. By using the intense amplifying seed pulse to generate the plasma by photoionization of a neutral gas only in the region where Raman scattering is needed to occur, the instability of the pump may be avoided provided that the pump intensity is kept below the threshold for significant ionization. It has been shown that the damping rate due to photoionization by the seed may be successfully overcome by the nonlinear Raman amplification rate provided that a threshold gas density is not exceeded. In effect, with the pump amplitude determined by the ionization threshold of the working gas, a range of allowable gas densities is determined. A sufficiently intense seed is also required to photoionize the gas rapidly and to access the nonlinear regime of Raman amplification before excessive ionization damping occurs. The output parameters of a self-ionizing Raman amplifier are then expected to scale in an equivalent manner to those of the conventional Raman amplifier operated with the same pump intensity. Though the detailed kinetics of ionization in linearly and circularly polarized fields are quite different, only marginal net differences are found between these polarizations for Raman amplification, with circular polarization appearing slightly favored. Finally, both hydrogen and helium are considered as working gases with helium affording the highest output intensity and hydrogen the greatest relative amplification factor. No advantage is gained from gases of higher atomic number.
Note that, in addition to the Raman pulse compression regime considered here, a similar effect might accompany pulse compression in the so-called Compton scattering regime, where backscattering might occur due to electron trapping effects rather than through a resonant three-wave interaction. 30 The self-ionizing backscatter effect, if it occurs for the Compton regime, could then be addressed by an approach similar to the one employed here for the Raman regime.
The preceding analysis has entailed many simplifications. Foremost, while self-ionization avoids instabilities resulting from the propagation of the pump beam through plasma, instabilities which might be introduced due to the sharp ionization front have not been addressed in this analysis. Specifically, an instability involving transverse modulations of the ionization front due to the nonlinearity of Eq. ͑3͒ has been identified. 31 If the exponentiation length for such an instability proves to be less than that of the relativistic modulational instability cited above, then a new limiting constraint on the total allowable amplification length ͑and hence output intensity͒ applies. Regardless, simply initializing the seed with a higher intensity ͑perhaps from a previous Raman amplifier͒ and amplifying it over a shorter length could still result in the same output power as if a smaller initial seed were amplified over a longer length in the absence of the instability.
The study of the growth and importance of this instability in the presence of Raman amplification requires further simulations in two dimensions which are beyond the scope of this paper. Multidimensional simulations will also allow the study of effects associated with finite focusing lengths or transverse plasma or laser field intensity gradients, etc.
The validity of the envelope approximation in Eqs. ͑1͒ becomes uncertain when extremely steep gradients in wave intensities, as results from the ionization front, appear. The exact behavior of the electron distribution created by such a rapidly changing pulse may similarly be more subtle than is captured in the ionization damping rate estimate used here. The result cited in Eq. ͑6͒ is strictly valid only for the case of adiabatic laser pulse shapes and not those with extremely steep fronts. In treating the sharp ionization front, no attempt was further made to treat realistically the Raman resonance condition for such an inhomogeneous plasma. Finally, the complicating effects of harmonic generation, 32 ionizationinduced blueshifting, 33, 34 or forward Raman scattering of the seed pulse in an ionizing plasma have similarly not been included. In principle, all of these issues can be addressed by PIC simulation.
